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Abstract
We investigate the role of a local U(1)′ symmetry for the problem of CP violation in
the effective theory for two Higgs doublet models and its microscopic counterparts.
First, in two Higgs doublet models with U(1)′, we show that the higher-dimensional
operators in the scalar potential violate the CP symmetry with an interplay with the
mixing mass parameter, giving rise to small mixings between CP-even and CP-odd
scalars. Motivated by the B-meson anomalies in recent years, we take the flavored
U(1)′ to be a benchmark model for specifying the flavor structure. Then, we calculate
the electric dipole moment of electron (eEDM) at two loops due to the CP-violating
higher-dimensional operators and identify the correlation between the masses of heavy
Higgs bosons and the cutoff scale from the bound on eEDM. We also comment on the
possibility of making an independent test of the CP violation in the collider searches for
heavy Higgs bosons. Finally, we show how the obtained eEDM results in the effective
theory can be used to constrain microscopic models with an explicit CP violation in
the partially decoupled or dark sectors.
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1 Introduction
It is an important task to understand the flavor structure of the Standard Model (SM) and
the origin of CP violation, calling for physics beyond the SM. In particular, a violation of
lepton flavor universality would be an important indirect test of the SM, and it provides
a guideline for going beyond the SM and designing the high energy colliders in the next
generations beyond the Large Hadron Collider (LHC). We also need to look for the source
of a new CP violation beyond the SM in order to explain the matter-antimatter asymmetry
in the Universe.
In models with an extended Higgs sector, we may have new sources for the CP violation
unless CP is conserved by a symmetry argument or ansatz [1]. One of the most stringent
constraints on the CP violation is from the electric dipole moment (EDM) of the electron
and the neutron counterparts. Thus, we need to find a way to make a sufficient suppression
of the new physics contributions of new CP phases to the EDMs. In this regard, an extra
U(1)′ symmetry plays an important role in controlling the CP violation, at least, in the Higgs
sector, because it protects the CP symmetry from being broken at the renormalizable level
in two Higgs doublet models (2HDMs).
In recent years, there have been interesting anomalies in the semi-leptonic decays of B-
mesons, hinting at the violation of lepton flavor universality in the SM with about 2−3σ
deviation at each observable. The measured values of RK = B(B → Kµ+µ−)/B(B →
Ke+e−) from LHCb data [2, 3] as well as the similar ratio for vector B-mesons, RK∗ =
B(B → K∗µ+µ−)/B(B → K∗e+e−) from LHCb [4], show deviations from the SM predic-
tions. The deviation in RK∗ is supported by the reduction in the angular distribution of
B → K∗µ+µ− [5]. The recent update on RK∗ from Belle data [6] shows a similar deviation
in low energy bins, although the combined fits in high energy bins in Belle [7] are consistent
with the SM but with large error bars. As a result, the combined significance for the global
fits of the B-meson data turns out to be about 5–6σ [8, 9].
The B-meson anomalies can be accounted for by the introduction of a flavor-dependent
U(1)′ distinguishing between leptons in the SM [10, 11]. But, the flavor U(1)′ necessarily
requires at least two Higgs doublets, and it gives rise to flavor-violating couplings for the
Z ′ gauge boson and new Higgs bosons [11]. As a consequence, there are testable signatures
of the flavor-dependent U(1)′ from other B-meson decays and mixings, as well as flavor-
violating productions and decays of heavy Higgs bosons at the LHC [11]. However, in this
class of models with flavored U(1)′, the CP symmetry is well protected at the renormalizable
level.
In this article, taking a flavor-dependent U(1)′ as a benchmark model in Refs. [10, 11]
to explain the B-meson anomalies, we undertake a concrete discussion on the problem of
CP violation in the 2HDM. We investigate the salient features of the CP-violating Higgs
sector in the effective theory, that are applicable to general 2HDMs with U(1)′ beyond any
flavor-specific U(1)′. Including higher-dimensional operators with extra CP phases in the
Higgs potential, we show that the mixing mass parameter in the Higgs potential gets a
nontrivial CP phase by the tadpole condition, resulting in the mixings between CP-even and
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CP-odd neutral scalars in the model. Taking into account the contribution of the new CP
phase to the electric dipole moment of the electron, we correlate between heavy Higgs boson
masses and new physics scales for the higher-dimensional operators. We also address the
implications of the Higgs mixings for the collider searches of CP-violating Higgs resonances
and present some microscopic U(1)′ models with extra matter content for generating the
higher dimensional operators with new CP phases in the Higgs potential.
The rest of the paper is organized as follows. We begin with a description of the Higgs
potential in two Higgs doublet models with a local U(1)′ and take the U(1)′ to be flavor-
dependent for the specific Yukawa couplings for the SM fermions. Then, we study the tadpole
conditions from the minimization of the potential in the presence of the U(1)′ invariant
higher-dimensional operators up to dimension-6 and derive the mixings between neutral
scalars of the model and the CP-violating Yukawa couplings to SM quarks and leptons.
Next, we update the constraints on the Z ′ mass and couplings from B-meson anomalies
and calculate the electric dipole moments from the Higgs mixings. We also comment on
the anomalous magnetic dipole moment of leptons and the collider searches for CP-violating
resonance searches for extra Higgs bosons. We continue to provide the U(1)′ Next-to-Minimal
Supersymmetric Standard Model (NMSSM) and the U(1)′ models with extra doublet and
singlet scalars or fermions as the microscopic origin of the higher dimensional operators
with nontrivial CP phases. Finally, conclusions are drawn. There are three appendices,
dealing with the minimization conditions, the diagonalization of scalar mass matrices, and
the self-interactions and gauge interactions of scalar fields.
2 Two Higgs doublet models with local U(1)′
In models with a local U(1)′ under which two Higgs doublets carry nonzero charges, we
consider the CP symmetry in the scalar potential and describe the flavored U(1)′ for a
concrete discussion on the Yukawa structure in this model.
2.1 The scalar potential with U(1)′
We introduce an extra U(1)′ with flavor-dependent charges beyond the SM. Then, it is
necessary to introduce at least two Higgs doublet, H1 and H2, either of which carries a
nonzero U(1)′ charge. We also need to introduce a complex singlet scalar S to break the
U(1)′ symmetry spontaneously and allow for a correct electroweak symmetry breaking. As a
result, in terms of the primed notations for scalar fields and their couplings for convenience
in the later discussion, the renormalizable scalar potential is given by
V1 = µ
′2
1 |H ′1|2 + µ′22 |H ′2|2 −
(
µ′SH
′†
1 H
′
2 + h.c.
)
+ λ′1|H ′1|4 + λ′2|H ′2|4 + 2λ3|H ′1|2|H ′2|2 + 2λ′4(H ′†1 H ′2)(H ′†2 H ′1)
+ 2|S ′|2(κ′1|H ′1|2 + κ′2|H ′2|2) +m′2S |S ′|2 + λ′S|S ′|4. (2.1)
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Therefore, according to the results on the tadpole conditions shown in Appendix A, the
extra CP phase coming from µ′ is set to zero, so the CP symmetry is protected at the renor-
malization level. The consequence generally holds for the 2HDMs where the Higgs doublets
carry nonzero U(1)′ charges, irrespective of whether the U(1)′ symmetry is flavor-dependent
or not. However, the CP symmetry is an accidental symmetry at the renormalizable level,
so the inclusion of higher-dimensional operators in the scalar potential generically gives rise
to nonzero CP phases, which may not be set to zero by the tadpole conditions.
In the next subsection, we take the U(1)′ to couple to the SM fermions in a flavor-
dependent way, with a motivation to explain the B-meson anomalies at the LHCb. In this
case, we can also determine the Yukawa couplings with flavor-dependent U(1)′ charges taken
into account, so make a concrete discussion of the CP violation in the physical observables.
2.2 A concrete model for flavored U(1)′
For a concrete discussion on the violation of flavor and CP, we henceforth take a specific
model for the flavored U(1)′. Nonetheless, our following discussion on the CP-violating Higgs
still holds for general two Higgs doublet models with U(1)′, under which either of two Higgs
doublets carries a nonzero charge.
We regard the new gauge boson Z ′ associated with the U(1)′ symmetry to couple specif-
ically to heavy flavors as a linear combination of U(1)Lµ−Lτ and U(1)B3−L3 , proposed in
Refs. [10, 11], as follows.
Q′ ≡ y(Lµ − Lτ ) + x(B3 − L3),
where x and y are real parameters. Only the ratio of the x and y parameters is physically
meaningful as either of them is absorbed by the Z ′ gauge coupling. Then, it is necessary to
introduce two Higgs doublets H1,2 for obtaining correct quark masses and mixings [10, 11].
Moreover, in order to cancel the gauge anomalies, the fermion sector is required to include
at least two right-handed neutrinos νiR (i = 2, 3). One more right-handed neutrino ν1R with
zero U(1)′ charge as well as extra singlet scalars, Φa (a = 1, 2, 3), with U(1)′ charges of −y,
x+ y, x, respectively, are also necessary for neutrino masses and mixings. The U(1)′ charge
assignments are given in Table 1.
The Lagrangian of the model is given as
L = −1
4
Z ′µνZ
′µν − 1
2
sin ξ Z ′µνB
µν + LS + LY (2.2)
with
LS = |DµH1|2 + |DµH2|2 + |DµS|2 +
3∑
a=1
|DµΦa| − V (φi), (2.3)
where Z ′µν = ∂µZ
′
ν − ∂νZ ′µ is the field strength of the U(1)′ gauge boson, sin ξ is the gauge
kinetic mixing between U(1)′ and the SM hypercharge. Dµφi = (∂µ − igZ′Q′φiZ ′µ)φi are
covariant derivatives. Here Q′φi is the U(1)
′ charge of φi, and gZ′ is the extra gauge coupling.
3
q3L u3R d3R `2L e2R ν2R `3L e3R ν3R
Q′ 1
3
x 1
3
x 1
3
x y y y −x− y −x− y −x− y
S H1 H2 Φ1 Φ2 Φ3
Q′ 1
3
x 0 −1
3
x −y x+ y x
Table 1: U(1)′ charges of fermions and scalars.
The full scalar potential V (φi) is composed of V = V1 +V2 +V3 with V1 given in Eq. (2.1),
and V2 the renormalizable terms containing the extra singlet scalar fields, Φa, as well as V3
being the higher dimensional operators, as follows,
V2 =
3∑
a=1
(
µ′2Φa |Φ′i|2 + λ′Φa|Φ′a|4
)
+
(
ρ′S3Φ′†3 + µ
′
ΦΦ
′
1Φ
′
2Φ
′†
3 + h.c.
)
+ 2
3∑
a=1
|Φ′a|2(β′a1|H ′1|2 + β′a2|H ′2|2 + βa3|S ′|2) + 2
∑
a<b
λ′ab|Φ′a|2|Φ′b|2, (2.4)
V3 =
c′1
Λ2
S ′2(H ′†1 H
′
2)
2 +
c′2
Λ2
S ′†Φ′3(H
′†
1 H
′
2)
2 +
d′1
Λ
S ′3Φ′1Φ
′
2 +
d′2
Λ2
(Φ′1Φ
′
2Φ
′†
3 )
2 + h.c.+ · · · .
(2.5)
Here, we have kept up to dimension-6 terms in the potential V3 and the ellipses denote even
higher dimensional terms. Then, there are new CP phases from µ′, ρ′, µ′Φ as well as c
′
1, c
′
2,
c′3, d
′
1, d
′
2, etc. We note that the dimension-6 operator, (S
′H ′†1 H
′
2)
2, always exists in general
2HDMs with U(1)′ whereas the rest of higher-dimensional operators are model-dependent.
In the later discussion on the CP violation, we will focus on (S ′H ′†1 H
′
2)
2.
For completeness and the concrete discussion on CP-violating Yukawa couplings to heavy
Higgs bosons, we also introduce the U(1)′ invariant Lagrangian for the Yukawa couplings for
quarks and leptons, which is given by
−LY = q¯′i(y′uij H˜ ′1 + h′uijH˜ ′2)u′j + q¯′i(y′dijH ′1 + h′dijH ′2)d′j
+ y′`ij ¯`
′
iH
′
1e
′
j + y
′ν
ij
¯`′
iH˜
′
1ν
′
jR +
1
2
(ν ′iR)c(Mij + z
(a)
ij Φ
′
a)ν
′
jR + h.c. (2.6)
with H˜ ′1,2 ≡ iσ2H ′∗1,2.
3 CP violation in the Higgs sector
Considering the higher-dimensional terms in the effective scalar potential in the benchmark
models with flavored U(1)′ in the previous section, we discuss the Higgs spectrum and the
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mixings between CP-even and CP-odd scalars.
3.1 Scalar mass matrix with CP violation
In unitary gauge, the Higgs doublet and singlet fields including the CP phases can be ex-
pressed by
H ′j = e
iθi
(
φ+j
(vj + ρj + iηj)/
√
2
)
, (j = 1, 2),
S ′ =
1√
2
eiθS (vs + SR + iSI) ,
Φ′a =
1√
2
eiξa(ωa + ΦaR + iΦaI), (a = 1, 2, 3). (3.1)
We can always make the phase rotations to make all the vacuum expectation values (VEVs)
real as follows:
Hj = e
−iθi H ′j, (3.2)
S = e−iθS S ′, (3.3)
Φa = e
−iξa Φ′a. (3.4)
Then, the scalar potential terms take the same forms as the ones given in Eqs. (2.1), (2.4),
and (2.5), with the complex parameters being redefined by
µ = ei(θ2−θ1+θS) µ′, (3.5)
ρ = ei(3θS−ξ3) ρ′, (3.6)
µΦ = e
i(ξ1+ξ2−ξ3) µ′Φ, (3.7)
c1 = e
2i(θ2−θ1+θS) c′1, (3.8)
c2 = e
i(−θS+ξ3+2(θ2−θ1)) c′2, (3.9)
d1 = e
i(3θS+ξ1+ξ2) d′1, (3.10)
d2 = e
i(ξ1+ξ2−ξ3) d′2. (3.11)
We note that the real parameters in the potential are unchanged under the phase rotations,
so we have changed the notations from primed to unprimed, e,g. from µ′ to µ, etc. Then,
from the tadpole conditions given in Appendix A, there are two independent CP phases in
this model: µ and µΦ in the renormalizable terms, whose CP phases are supported by those
of the dimension-6 operators, c1 and d2, respectively.
In comparison, for two Higgs doublets without U(1)′, there are extra CP phases from
extra quartic couplings for two Higgs doublets, which would give rise to a nontrivial CP
phase of the µ term by the tadpole conditions [13].
For simplicity, in the following discussion, we focus only on (SH†1H2)
2 among the higher
dimensional operators in our model, while the other higher-dimensional terms are set to
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zero. In this case, the nonzero CP phases come from µ = µR + iµI and c1 = cR + icI . Then,
in the basis where the CP phases of the VEVs are absorbed into the complex parameters
according to Eqs. (3.2)–(3.4), we obtain the squared mass matrix for neutral scalar fields
with (ρ1, ρ2, SR, η1, η2, SI), given by
M2 =
(
M2S M
2
mix
(M2mix)
T M2P
)
(3.12)
where the mass matrices for CP-even, CP-odd scalars and the mixing mass matrix are
M2S =
 2λ1v21 + µRv2vs√2v1 2v1v2(λ3 + λ4)− µRvs√2 + cRΛ2 v1v2v2s 2κ1v1vs − µRv2√2 + cRΛ2 v1v22vs2v1v2(λ3 + λ4)− µRvs√2 + cRΛ2 v1v22vs 2λ2v22 + µRv1vs√2v2 2κ2v2vs − µRv1√2 + cRΛ2 v21v2vs
2κ1v1vs − µRv2√2 +
cR
Λ2
v1v
2
2vs 2κ2v2vs −
µRv1√
2
+
cR
Λ2
v21v2vs 2λSv
2
s +
µRv1v2√
2vs
 ,
(3.13)
M2P =

µRv2vs√
2v1
− cR
Λ2
v22v
2
s − 1√2µR vs + cRΛ2 v1v2v2s − 1√2µR v2 + cRΛ2 v1v22vs
− 1√
2
µR vs +
cR
Λ2
v1v2v
2
s
µRv1vs√
2v2
− cR
Λ2
v21v
2
s
1√
2
µR v1 − cRΛ2 v21v2vs
− 1√
2
µR v2 +
cR
Λ2
v1v
2
2vs
1√
2
µR v1 − cRΛ2 v21v2vs µRv1v2√2vs −
cR
Λ2
v21v
2
2
 , (3.14)
and
M2mix =
1√
2
µI

v2vs
v1
−vs −v2
vs −v1vsv2 −v1
v2 −v1 −v1v2vs
 . (3.15)
Here, we have used the tadpole condition, which gives rise to the relation between the CP-
violating mass term and the coefficient of the dimension-6 operator,
cI
Λ2
=
√
2µI
v1v2vs
. (3.16)
Working in the basis of (ρ1, ρ2, SR, A
0), where A0 is the CP-odd Higgs in the absence of
CP violation, and following the details in Appendix B, the squared mass matrix is given in
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the following 4× 4 matrix form, M20 , with
(M20 )11 = 2λ1v
2
1 +
µRv2vs√
2v1
,
(M20 )12 = (M
2
0 )21 = 2v1v2(λ3 + λ4)−
µRvs√
2
+
cR
Λ2
v1v2v
2
s ,
(M20 )13 = (M
2
0 )31 = 2κ1v1vs −
µRv2√
2
+
cR
Λ2
v1v
2
2vs,
(M20 )14 = (M
2
0 )41 =
µIvvs√
2v1
N−1A ,
(M20 )22 = 2λ2v
2
2 +
µRv1vs√
2v2,
(M20 )23 = (M
2
0 )32 = 2κ2v2vs −
µRv1√
2
+
cR
Λ2
v21v2vs,
(M20 )24 = (M
2
0 )42 =
µIvvs√
2v2
N−1A ,
(M20 )33 = 2λSv
2
s +
µRv1v2√
2vs
,
(M20 )34 = (M
2
0 )43 =
µIv√
2
N−1A ,
(M20 )44 =
v2vs√
2v1v2
(
µR −
√
2cRv1v2vs
Λ2
)
N−2A .
(3.17)
Therefore, the imaginary part of the µ parameter, µI , mixes the CP-even scalars and the
CP-odd scalar. We note that the original basis is related to the new basis by
ρ1
ρ2
SR
η1
η2
SI
 = R

ρ1
ρ2
SR
A0
GY
G′
 (3.18)
with
R =
(
13×3 0
0 R3
)
, (3.19)
where R3 is the 3×3 transformation matrix, given in Eq. (B.5). We still need to diagonalize
the above 4× 4 matrix in Eq. (3.17).
3.2 Mixing between CP-even and odd scalars
Using the results in the previous subsection and choosing a new basis diagonalizing the 3×3
sub-matrix for CP-even scalars in Appendix B, the 4× 4 matrix in Eq. (3.17) becomes
RhM
2
4×4R
T
h =
(
RhM
2
3×3R
T
h RhE
ETRTh m
2
h04
)
(3.20)
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Figure 1: The CP-violating mixing parameters, εi (i = 1, 2, 3), as a function of the cutoff scale
for degenerate and non-degenerate case, see Fig. 3 for eEDM predictions. The dotted, dashed,
and solid lines represent the case for µR = 200, 300, and 500 GeV respectively. We have taken
tanβ = 1, sin(α− β) = 0.05, and vs = 1 TeV.
with
E =
µIvs√
2
N−1A

v
v1
v
v2
v
vs
 , NA = 1√
1 +
v21v
2
2
v2v2s
. (3.21)
Therefore, treating the off-diagonal entries as perturbations, we obtain the approximate mass
eigenvalues and mass eigenstates as follows.
m2hn = m
2
h0n
+ ∆nn +
∑
k 6=n
|∆nk|2
m2h0n −m2h0k
+ · · · , (3.22)
where m2hn are the mass eigenvalues for zero off-diagonal components containing the fourth
row or column [11] up to the corrections from the dimension-6 operator, given in Eqs. (B.11)
and (B.13) in Appendix B, and
hn = h
0
n +
∑
k 6=n
∆kn
m2h0n −m2h0k
h0k + · · · (3.23)
with
∆ =
(
0 RhE
ETRTh 0
)
. (3.24)
When the Higgs mixings with the CP-even singlet scalar are small, the rotation matrix
between CP-even scalars is approximated as∗
Rh '
 cosα sinα 0− sinα cosα 0
0 0 1
 (3.25)
∗We note that our conventions for the Higgs mixing are different from those in the main text of our
previous work [11].
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with α = α1 and α2 ' α3 ' 0. In this case, we can further simplify the above results as
m2h1 ≈ m2h01 + ε1(RhE)1, (3.26)
m2h2 ≈ m2h02 + ε2(RhE)2, (3.27)
m2h3 ≈ m2h03 + ε3(RhE)3, (3.28)
m2h4 ≈ m2h04 − ε1(RhE)1 − ε2(RhE)2 − ε3(RhE)3, (3.29)
and
h1 ≈ cosα ρ1 + sinα ρ2 + ε1A0, (3.30)
h2 ≈ − sinα ρ1 + cosα ρ2 + ε2A0, (3.31)
h3 ≈ SR + ε3A0, (3.32)
h4 ≈ A0 + (−cαε1 + sαε2) ρ1 − (sαε1 + cαε2) ρ2 − ε3 SR (3.33)
Here, noting that εn ≡ (RhE)n/(m2h0n −m2h04), which results in
ε1 =
1
m2
h01
−m2
h04
µIvs√
2NA
(sα
sβ
+
cα
cβ
)
, (3.34)
ε2 =
1
m2
h02
−m2
h04
µIvs√
2NA
(cα
sβ
− sα
cβ
)
, (3.35)
ε3 =
1
m2
h03
−m2
h04
µIvs√
2NA
, (3.36)
we can write the original scalar fields in terms of the approximate mass eigenstates as
ρ1 ≈ cα h1 − sα h2 + (−cαε1 + sαε2)h4, (3.37)
ρ2 ≈ sα h1 + cα h2 + (−sαε1 − cαε2)h4, (3.38)
SR ≈ h3 − ε3 h4, (3.39)
A0 ≈ h4 + ε1 h1 + ε2 h2 + ε3 h3. (3.40)
As a consequence, we find from Eqs. (3.34)–(3.36) that close to the alignment limit where
α = β, the CP-violating parameters in the Higgs mixing become
ε1 ' −1.2× 10−3
(
625 GeV
mh04 +mh01
)(
375 GeV
mh04 −mh01
)(
vs
1 TeV
)(
µI
0.2 GeV
)
, (3.41)
ε2 ' −4.4× 10−3
(
950 GeV
mh04 +mh02
)(
50 GeV
mh04 −mh02
)(
vs
1 TeV
)(
µI
0.2 GeV
)
, (3.42)
ε3 ' −2.9× 10−3
(
950 GeV
mh04 +mh03
)(
50 GeV
mh04 −mh03
)(
vs
1 TeV
)(
µI
0.2 GeV
)
. (3.43)
Here, the typical value for µI was taken from Eq. (3.16) for Λ/
√|cI | ' 10 TeV.
In Fig. 1, we depict the CP-violating mixing parameters, |εi| (i = 1, 2, 3), as a function
of the cutoff scale for different µR. For instance, for tan β = 1 and µR = 100 GeV–1 TeV,
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Figure 2: The mass of the pseudoscalar-like Higgs, mh4 , vs the cutoff scale, for µR = 200, 300,
500 GeV for upper, middle, and lower lines, respectively.
the VEV of the singlet scalar field, vs, is bounded as 250 GeV . vs . 2 TeV [11] in the
alignment limit. Thus, in order to choose a larger vs for heavy Z
′, a smaller µR is favored by
unitary. The figure shows that the smaller µR, the larger the CP-violating mixing predicted,
as indicated by Eqs. (3.41), (3.42), and (3.43). Moreover, the larger the mass splitting
between h1,2,3 and h4, the smaller magnitude εi.
Since the pseudoscalar-like Higgs mixes with the CP-even scalars due to the CP violation,
it is important to identify the allowed mass range of the pseudoscalar-like Higgs in our model.
In Fig. 2, we show the range of masses for the pseudoscalar-like Higgs, mh4 , and the cutoff
scale. As a result, mh4 becomes almost independent of the cutoff scale with Λ & 2 TeV, so
it can be determined mainly by the µR parameter. Thus, we find that as µR increase, mh4
becomes larger, according to Eq. (B.13).
We also remark that the charged Higgs mass is not affected by the CP violation, so it is
given in Eq. (B.15) as in Ref. [11] without CP violation.
4 Yukawa couplings with CP violation
In this section, we present the mass matrices for the SM fermions and the flavor-changing
couplings for quarks in our model. The results provide a complete basis for studying electric
dipole moments, collider searches and magnetic dipole moments of leptons in the next section,
together with the Higgs mixing in the previous section.
For the phase-rotated scalar fields with Eqs. (3.2)–(3.4), we can rewrite the Yukawa
couplings for quarks and leptons as follows.
−LY = q¯′i(e−iθ1y′uij H˜1 + e−iθ2h′uijH˜2)u′j + q¯′i(eiθ1y′dijH1 + eiθ2h′dijH2)d′j
+ eiθ1y′`ij ¯`
′
iH1e
′
j + e
−iθ1y′νij ¯`
′
iH˜1ν
′
jR +
1
2
(ν ′iR)c(Mij + e
iθξaz
′(a)
ij Φa)ν
′
jR + h.c. (4.1)
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Then, after the scalars get nonzero VEVs, we obtain the quark and lepton mass terms as
LY = −u¯′LMuu′R − d¯′LMdd′R − ¯`′LM ′``′R − ¯`′LMDν ′R −
1
2
(ν ′R)cMRν
′
R + h.c. (4.2)
with the following flavor structure:
Mu =
yu11〈H˜1〉 yu12〈H˜1〉 0yu21〈H˜1〉 yu22〈H˜1〉 0
hu31〈H˜2〉 hu32〈H˜2〉 yu33〈H˜1〉
 , (4.3)
Md =
yd11〈H1〉 yd12〈H1〉 hd13〈H2〉yd21〈H1〉 yd22〈H1〉 hd23〈H2〉
0 0 yd33〈H1〉
 , (4.4)
M` =
y`11〈H1〉 0 00 y`22〈H1〉 0
0 0 y`33〈H1〉
 , (4.5)
MD =
yν11〈H˜1〉 0 00 yν22〈H˜1〉 0
0 0 yν33〈H˜1〉
 , (4.6)
MR =
 M11 z
(1)
12 〈Φ1〉 z(2)13 〈Φ2〉
z
(1)
21 〈Φ1〉 0 z(3)23 〈Φ3〉
z
(2)
31 〈Φ2〉 z(3)32 〈Φ3〉 0
 . (4.7)
Here, we absorbed the Higgs phases into the Yukawa couplings by yuij = e
−iθ1y′uij , h
u
ij =
e−iθ2h′uij , etc. Since the mass matrix for charged leptons is already diagonal, the lepton
mixings come from the mass matrix of right-handed neutrinos. There are four categories of
neutrino mixing matrices, that are compatible with neutrino data for at least three complex
scalar fields with different U(1)′ charges [11].
4.1 Quark mass matrices
After two Higgs doublet fields develop VEVs, we obtain the quark mass matrices from
Eqs. (4.3) and (4.4) as
(Mu)ij =
1√
2
v cos β
yu11 yu12 0yu21 yu22 0
0 0 yu33
+ 1√
2
v sin β
 0 0 00 0 0
hu31 h
u
32 0
 ,
(Md)ij =
1√
2
v cos β
yd11 yd12 0yd21 yd22 0
0 0 yd33
+ 1√
2
v sin β
0 0 hd130 0 hd23
0 0 0
 . (4.8)
The above quark mass matrices can be diagonalized by
U †LMuUR = M
D
u =
mu 0 00 mc 0
0 0 mt
 , D†LMdDR = MDd =
md 0 00 ms 0
0 0 mb
 , (4.9)
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thus the CKM matrix is given as VCKM = U
†
LDL. We note that the Yukawa couplings
of the second Higgs doublet are sources of flavor violation, which could be important in
meson decays/mixings and collider searches for flavor-violating top decays and/or heavy
Higgs bosons.
Since hu31 and h
u
32 correspond to rotations of right-handed up-type quarks, we can take
UL = 1, so VCKM = DL. In this case, we have an approximate relation for the down-type
quark mass matrix, Md ≈ VCKMMDd , up to md,s/mb corrections. Then the Yukawa couplings
between the third and first two generations are given as follows.
hd13 =
√
2mb
v sin β
Vub, h
d
23 =
√
2mb
v sin β
Vcb. (4.10)
For Vub ' 0.004  Vcb ' 0.04, we have hd13  hd23. The down-type Yukawa couplings are
determined as
yd11 =
√
2md
v cos β
Vud, y
d
12 =
√
2ms
v cos β
Vus,
yd21 =
√
2md
v cos β
Vcd, y
d
22 =
√
2ms
v cos β
Vcs, y
d
33 =
√
2mb
v cos β
Vtb. (4.11)
Therefore, we have fixed the down-type Yukawa couplings completely, including the weak
CP phase.
Furthermore, taking UL = 1 as above, we find another approximate relation for the up-
type quark mass matrix: Mu = M
D
u U
†
R. Then, the rotation mass matrix for right-handed
down-type quarks becomes U †R = (M
D
u )
−1
Mu, which is given as
U †R =
1√
2
 vmu cos β yu11 vmu cos β yu12 0v
mc
cos β yu21
v
mc
cos β yu22 0
v
mt
sin β hu31
v
mt
sin β hu32
v
mt
cos β yu33
 . (4.12)
From the unitarity condition of UR we further find the following constraints on the up-type
quark Yukawa couplings:
|yu11|2 + |yu12|2 =
2m2u
v2 cos2 β
, (4.13)
|yu21|2 + |yu22|2 =
2m2c
v2 cos2 β
, (4.14)
|yu33|2 + tan2 β(|hu31|2 + |hu32|2) =
2m2t
v2 cos2 β
, (4.15)
yu11(y
u
21)
∗ + yu12(y
u
22)
∗ = 0, (4.16)
yu21(h
u
31)
∗ + yu22(h
u
32)
∗ = 0, (4.17)
yu11(h
u
31)
∗ + yu12(h
u
32)
∗ = 0. (4.18)
Now we are in a position to show the absence of the extra CP phases in the quark
Yukawa couplings in our model. First, performing the simultaneous phase rotations of qL
12
and uR as well as dR to leave the down-type Yukawa couplings untouched, we can eliminate
the CP phases in the diagonal entries, yuii with i = 1, 2, 3. Then, there are four CP phases
from yu12, y
u
21, h
u
31, h
u
32, subject to three unitarity conditions in Eqs. (4.16)–(4.18). Therefore,
there remains only one independent CP phase, other than the weak CP phase in the SM.
Suppose that off-diagonal entries in the up-type Yukawa matrix are nonzero, so we write
yu21 = e
iθ21|yu21|, yu12 = eiθ12 |yu12|, hu31 = eiθ31|hu31| and hu32 = eiθ32 |hu32|. Then, Eqs. (4.16)–(4.18)
lead to
ei(θ21+θ12) = −|y
u
11y
u
21|
|yu22yu12|
, (4.19)
ei(θ31−θ21−θ32) = −|y
u
21h
u
31|
|yu22hu32|
, (4.20)
ei(θ31+θ12−θ32) = −|y
u
11h
u
31|
|yu12hu32|
. (4.21)
But, dividing Eq. (4.21) by (4.20), we find that ei(θ21+θ12) = |yu11yu22|/|yu12yu21|. Then, we would
get |yu22|2 + |yu21|2 = 0 with Eq. (4.19), which is inconsistent with Eq. (4.14). Therefore, we
must choose yu21 = y
u
12 = h
u
31 = h
u
32 = 0, for which Eqs. (4.16)–(4.18) are trivially satisfied.
As a result, we find that there is no extra CP phase in the up-type Yukawa couplings either.
Taking yu21 = y
u
12 = h
u
31 = h
u
32 = 0, Eqs. (4.13)–(4.15) determine the diagonal down-type
Yukawa couplings as
|yu11| =
√
2mu
v cos β
, |yu22| =
√
2mc
v cos β
, |yu33| =
√
2mt
v cos β
. (4.22)
4.2 Quark Yukawa couplings
We begin with the quark Yukawa couplings to the neutral scalars in the interaction basis,
−LhY = d¯L
[
1
v1
MDd (ρ1 + iη1) +
1√
2
(
− v2
v1
(ρ1 + iη1) + (ρ2 + iη2)
)
h˜d
]
dR
+ u¯L
[
1
v1
MDu (ρ1 − iη1) +
1√
2
(
− v2
v1
(ρ1 − iη1) + (ρ2 − iη2)
)
h˜u
]
uR + h.c. (4.23)
Then, using the Higgs mixing Eqs. (3.37)–(3.40) in the previous section and Eqs. (B.6)–(B.8),
the Yukawa terms for the third-generation quarks are now written as
−LhY ⊃
1√
2
4∑
i=1
[(
λhit + iλ˜
hi
t
)
t¯LtRhi +
(
λhib + iλ˜
hi
b
)
b¯LbRhi
]
− sβ−α√
2cβ
b¯L(h˜
d
13dR + h˜
d
23sR)h1 +
cβ−α√
2cβ
b¯L(h˜
d
13dR + h˜
d
23sR)h2
− iNA√
2cβ
b¯L
(
h˜d13dR + h˜
d
23sR
)
(ε1h1 + ε2h2 + ε3h3 + h4) + h.c., (4.24)
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where
λh1t =
√
2mtcα
vcβ
, λh2t = −
√
2mtsα
vcβ
, λh3t = 0, λ
h4
t =
√
2(−cαε1 + sαε2)mt
vcβ
λh1b =
√
2mbcα
vcβ
− h˜
d
33sβ−α
cβ
, λh2b = −
√
2mbsα
vcβ
+
h˜d33cβ−α
cβ
, λh3b = 0,
λh4b =
√
2(−cαε1 + sαε2)mb
vcβ
+
h˜d33(sβ−αε1 − cβ−αε2)
cβ
,
λ˜hit = −NAεi
√
2mttβ
v
(i = 1, 2, 3), λ˜h4t = −NA
√
2mttβ
v
,
λ˜hib = NAεi
(√
2mbtβ
v
− h˜
d
33
cβ
)
(i = 1, 2, 3), λ˜h4b = NA
(√
2mbtβ
v
− h˜
d
33
cβ
)
. (4.25)
Here, h˜d ≡ D†LhdDR and h˜u ≡ U †LhuUR. Thus, by taking UL = 1 we get h˜u = huUR and
h˜d = V †CKMh
d. We note that λh3t and λ
h3
b are vanishing because we have neglected the mixing.
As compared to type-I 2HDM, extra Yukawa couplings in our model are given by
h˜d13 = 1.80× 10−2
( mb
v sin β
)
, (4.26)
h˜d23 = 5.77× 10−2
( mb
v sin β
)
, (4.27)
h˜d33 = 2.41× 10−3
( mb
v sin β
)
. (4.28)
We find that there is no modification in the top quark Yukawa coupling as compared to the
SM, whereas down-type quarks can have large flavor-violating couplings if tan β is small. In
the alignment limit where α = β, the flavor-violating interactions of the SM-like Higgs h1
boson are turned off. In Refs. [10, 11], we have discussed the phenomenological bounds on
the sizable flavor-changing couplings for down-type quarks, for instance, the bounds from
B-meson decays (Bs → µ+µ−, Bs → Xγ) and mixings (Bs–B¯s), etc, constrain the parameter
space for heavy Higgs scalar and Z ′ masses.
Moreover, from the resulting Yukawa couplings in Eq. (4.24), the simultaneous presence of
scalar and pseudoscalar couplings violate the CP symmetry. In particular, the CP-violating
top Yukawa couplings are constrained by the bounds from neutron and electron EDMs.
Note that in the alignment limit where α = β and εi  1 i.e., µI , mh1 , mh2 , mh3  mh4 ,
the CP violation arises mainly through h2 and h4. There are usual flavor-diagonal Yukawa
couplings of neutral scalars to light quarks, including the CP-violating mixing, but they are
sub-dominant for the EDM contributions.
The Yukawa terms of the charged Higgs boson are given as
− LH−Y = b¯(λH
−
tL
PL + λ
H−
tR
PR)tH
− + b¯(λH
−
cL
PL + λ
H−
cR
PR)cH
− + λH
−
uL
b¯PLuH
− + h.c., (4.29)
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where
λH
−
tL
=
√
2mb tan β
v
V ∗tb −
(VCKMh˜
d)∗33
cos β
,
λH
−
tR
= −
√
2mt tan β
v
V ∗tb,
λH
−
cL
=
√
2mb tan β
v
V ∗cb −
(VCKMh˜
d)∗23
cos β
,
λH
−
cR
= −
√
2mc tan β
v
V ∗cb,
λH
−
uL
=
√
2mb tan β
v
V ∗ub −
(VCKMh˜
d)∗13
cos β
(4.30)
with
VCKMh˜
d =
0 0 Vudh˜d13 + Vush˜d23 + Vubh˜d330 0 Vcdh˜d13 + Vcsh˜d23 + Vcbh˜d33
0 0 Vtdh˜
d
13 + Vtsh˜
d
23 + Vtbh˜
d
33
 . (4.31)
4.3 Lepton Yukawa couplings
As can be seen in (4.5), the mass matrix for charged leptons ej is already diagonal due to
the U(1)′ symmetry. Thus, the lepton Yukawa couplings are in a flavor-diagonal form, given
by
−L`Y =
mej cosα
v cos β
e¯j ej h1 −
mej sinα
v cos β
e¯j ej h2 +
mej
v cos β
e¯j ej (−cαε1 + sαε2)h4
+
imej NA tan β
v
e¯jγ
5ej (h4 + ε1 h1 + ε2 h2 + ε3 h3)
+
√
2mej tan β
v
(
ν¯j PR ej H
+ + h.c.
)
. (4.32)
As a result, the CP symmetry is also broken in the lepton Yukawa couplings to the neutral
scalars.
5 B-meson anomalies, EDM and collider searches
We update the status of B-meson anomalies in light of the updated data and analysis on
RK(∗) ratios and review the parameter space for Z
′ mass and couplings for the flavored U(1)′
model. Then, we calculate the electric dipole moment of the electron in the presence of the
CP-violating mixings between neutral scalars and constrain the extra Higgs masses and the
cutoff scale for higher-dimensional operators. We also briefly discuss the anomalous magnetic
moments of leptons in our model.
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5.1 Update on B-meson anomalies
We first remark that the measurement of RK = B(B → Kµ+µ−)/B(B → Ke+e−) has been
updated by the new analysis with LHCb 2015–2016 data [3], showing the combined value
with LHCb 2011–2012 data,
RK = 0.846
+0.060
−0.054(stat)
+0.016
−0.014(syst), (5.1)
which deviates from the SM prediction by 2.5σ. Thus, the updated global fit for B-meson
decays shows that the purely muonic contribution from new physics to the Wilson coefficients,
Cµ,NP9 = −Cµ,NP10 , is favored from the data for lepton flavor non-universality [8,9], as compared
to C9 only, but C
µ,NP
9 6= 0 and Cµ,NP10 = 0 is slightly favored for all the data set [9]. Recently,
the analysis of the full Belle data sample led to new results on RK in various bin energies,
in particular, the new Belle result in the bin of interest, 1 GeV2 < q2 < 6 GeV2, is consistent
with the LHCb result [12].
On the other hand for vector B-mesons, RK∗ = B(B → K∗µ+µ−)/B(B → K∗e+e−) from
LHCb [4] is
RK∗ =
{
0.66+0.11−0.07(stat)± 0.03(syst), 0.045 GeV2 < q2 < 1.1 GeV2,
0.69+0.11−0.07(stat)± 0.05(syst), 1.1 GeV2 < q2 < 6.0 GeV2,
(5.2)
which again differs from the SM prediction by 2.1–2.3σ and 2.4–2.5σ, depending on the
energy bins. The deviation in RK∗ is supported by the reduction in the angular distribution
of B → K∗µ+µ− [5] and the recent update on RK∗ from the Belle data [6], also shows a
similar deviation in particular in low energy bins (0.045 GeV < q2 < 1.1 GeV).
We also remark that there have been intriguing anomalies in RD = B(B → Dτν)/B(B →
D`ν) and RD∗ = B(B → D∗τν)/B(B → D∗`ν) with ` = e, µ for BaBar [14] and Belle [15,16]
and ` = µ for LHCb [17], although we do not pursue an explanation for these anomalies in
our work. In this case, the deviations between the measurements and the SM predictions
for RD and RD∗ are 1.4σ and 2.5σ, respectively, amounting to the combined deviation of
3.08σ [18]. However, the recent update on RD(∗) with semi-leptonic tagging from Belle [19]
shows an agreement with the SM predictions within 1.6σ deviations. We do not pursue an
explanation of RD(∗) anomalies in our work, but we comment that the SM can be simply
extended with leptoquarks to explain the associated anomalies as well as the anomalous
magnetic moment of muon [20].
5.2 Bounds from B-meson decays
The relevant Z ′ interactions for bottom quarks in the flavored U(1)′ model are given by
LZ′ = gZ′Z ′µ
(1
3
xV ∗tsVtb s¯γ
µPLb+ h.c.+ yµ¯γ
µµ
)
. (5.3)
16
Then, after integrating out the Z ′ gauge boson, we obtain the effective four-fermion interac-
tion for b¯→ s¯µ+µ− as follows.
Leff,b¯→s¯µ+µ− = −
xyg2Z′
3m2Z′
V ∗tsVtb (s¯γ
µPLb)(µ¯γµµ) + h.c. (5.4)
Consequently, as compared to the effective Hamiltonian with the SM normalization,
∆Heff,b¯→s¯µ+µ− = −
4GF√
2
V ∗tsVtb
αem
4pi
Cµ,NP9 Oµ9 (5.5)
with Oµ9 ≡ (s¯γµPLb)(µ¯γµµ) and αem being the electromagnetic coupling, the new physics
contribution to the Wilson coefficient is identified as
Cµ,NP9 = −
8xypi2αZ′
3αem
(
v
mZ′
)2
(5.6)
with αZ′ ≡ g2Z′/(4pi), and vanishing contributions to other operators, Cµ,NP10 = C ′µ,NP9 =
C ′µ,NP10 = 0. Choosing xy > 0 for a negative sign of C
µ
9 for B-meson anomalies from
RK(∗) and requiring the best-fit value, C
µ,NP
9 = −0.98 [9], (while taking [−1.15,−0.81] and
[−1.31,−0.64] within 1σ and 2σ errors), to explain the B-meson anomalies together with
the full set of the data [9], we get the condition for Z ′ mass and couplings as follows:
mZ′ = 1.27 TeV×
(
xy
αZ′
αem
)1/2
. (5.7)
Therefore, mZ′ ' 1 TeV for xy ' 1 and αZ′ ' αem. For values of xy less than unity or
αZ′ . αem, Z ′ can be even lighter.
There are various phenomenological constraints on the Z ′ for bottom quarks and leptons,
coming from dimuon resonance searches, B − B¯ mixings, other meson decays such as B →
Xsγ, tau lepton decays and neutrino scattering. Taking them into account, it was shown that
the parameter space with xgZ′ . 0.05 for ygZ′ ' 1 and mZ′ . 1 TeV [10,11] is consistent for
B-meson anomalies. See also the phenomenological discussion on similar models in Ref. [21].
On the other hand, in the presence of sizable flavor violating couplings between down-type
quarks and heavy Higgs bosons in Eqs. (4.26) and (4.27), the B-meson decays, Bs → µ+µ−,
B − B¯ mixings, B → Xsγ, etc, can strongly constrain the parameter space for heavy Higgs
bosons in combination of unitarity and perturbativity. For instance, in the alignment limit
and for tan β = 1, the masses of heavy Higgs bosons must be in the range of 200 GeV .
mh4 . 700 GeV and 200 GeV . mh2 = mH+ . 600 GeV [10, 11]. For a smaller value of
tan β, all the B-meson and theoretical bounds become more stringent, due to larger flavor
violating couplings, so the masses of heavy Higgs bosons should be almost degenerate and
about 300–400 GeV.
5.3 Electric dipole moments
The current strongest limit on the electron EDM (eEDM) comes from ACMEII [22],
de < 1.1× 10−29 e cm. (5.8)
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In the presence of the general mixings between CP-even and CP-odd scalars, the couplings
of physical scalars hi (i = 1, 2, 3, 4) to the SM fermions and W and Z gauge bosons can be
parameterized as
L =
4∑
i=1
[
−mf
(
cf,if¯f + c˜f,if¯ iγ5f
)
+ ai
(
2m2WWµW
µ +m2ZZµZ
µ
) ]hi
v
, (5.9)
with the coefficients cf,i, c˜f,i and ai shown in the previous section and Appendix C.
We now discuss the contributions of the general scalar couplings to the electron EDM
(eEDM). For light fermions, the dominant contributions to their eEDM come from the two-
loop Barr-Zee type diagrams [23]. For the effective operator for the eEDM,
Leff,EDM = − i
2
δe e¯σµνγ5eF
µν , (5.10)
the Wilson coefficient δe receive various contributions as listed in the following,
δe = (δe)
hγγ
t + (δe)
hZγ
t + (δe)
hγγ
W + (δe)
hZγ
W + (δe)
hγγ
H± + (δe)
hZγ
H± + (δe)
H±W∓γ
h (5.11)
where the contributions from the diagrams with effective hiγγ and hiZγ couplings (from
integrating out a top quark loop) are, respectively,
(δf )
hγγ
t = −
NcQfQ
2
t e
2
64pi4
4∑
i=1
[
f(zit) ct,ic˜f,i + g(z
i
t) c˜t,icf,i
]
, (5.12)
(δf )
hZγ
t = −
NcQfg
V
Zf¯f
gVZt¯t
64pi4
4∑
i=1
[
f˜
(
zit,
m2t
M2Z
)
ct,ic˜f,i + g˜
(
zit,
m2t
M2Z
)
c˜t,icf,i
]
. (5.13)
Here, ziX ≡ m2X/M2i , gVZff¯ is the vector-current couplings of Z boson to the fermions, and
the loop integral functions are given by
f(z) ≡ z
2
∫ 1
0
dx
1− 2x(1− x)
x(1− x)− z ln
x(1− x)
z
,
g(z) ≡ z
2
∫ 1
0
dx
1
x(1− x)− z ln
x(1− x)
z
,
f˜(x , y) ≡ yf(x)− xf(y)
y − x ,
g˜(x , y) ≡ yg(x)− xg(y)
y − x .
(5.14)
The contributions from the W -bosons and the Goldstone bosons to the hiγγ and hiZγ
operators are gauge-invariant, which have been obtained as follows [24–26].
(δf )
hγγ
W =
Qfe
2
256pi4
4∑
i=1
[(
6 +
1
ziW
)
f(ziw) +
(
10− 1
ziW
)
g(ziw)
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+
3
4
(
g(ziW ) + h(z
i
W )
)]
aic˜f,i , (5.15)
(δf )
hZγ
W =
gV
Zf¯f
gZWW
256pi4
4∑
i=1
[(
6− sec2 θW + 2− sec
2 θW
2ziw
)
f˜(ziW , c
2
W )
+
(
10− 3 sec2 θW − 2− sec
2 θW
2ziw
)
g˜(ziW , c
2
W )
+
3
2
(
g(ziW ) + h(z
i
W )
)]
aic˜fi (5.16)
where the gauge coupling gWWZ = e/ tan θW , and h(z) is the loop function, given by
h(z) ≡ z
2
∫ 1
0
dx
1
z − x(1− x)
(
1 +
z
z − x(1− x) ln
x(1− x)
z
)
. (5.17)
The contributions from the charged Higgs bosons running in loops also read
(δf )
hγγ
H± =
Qfe
2
256pi4
∑
i
[
f(zi±)− g(zi±)
]
λ¯ic˜f ,i , (5.18)
(δf )
hZγ
H± =
gV
Zf¯f
gZH+H−
256pi4
( v
M±
)2∑
i
[
f˜
(
zi± ,
M2±
m2Z
)
− g˜
(
zi± ,
M2±
m2Z
)]
λ¯ic˜f ,i (5.19)
where zi± = M
2
±/M
2
i , gZH+H− = e(1−tan θ2W )/(2 tan θW ), and λ¯i = −λi+−/v are the effective
trilinear scalar couplings between neutral and charged scalars, which enter the hiγγ coupling
through the H± loop. Finally, contributions coming from the H±W∓γ operators [26] read
(δf )
H±W∓γ
h =
sf
512pi4
∑
i
[
e2
2s2W
I4(M2i ,M2±) aic˜f ,i − I5(M2i ,M2±) λ¯ic˜f ,i
]
, (5.20)
where sf = +1 (sf = −1) for the down-type quarks and charged leptons (the up-type
quarks), and the two-loop integral functions are
I4 ,5(M21 ,M22 ) ≡
m2W
M2± −m2W
[I4 ,5(mW ,M1)− I4 ,5(M2 ,M1)] (5.21)
with
I4(M1 ,M2) ≡
∫ 1
0
dz (1− z)2
(
z − 4 + zM
2
± −M22
m2W
)
× M
2
1
m2W (1− z) +M22 z −M21 z(1− z)
ln
(
m2W (1− z) +M22 z
M21 z(1− z)
)
, (5.22)
I5(M1 ,M2) ≡
∫ 1
0
dz
M21 z(1− z)2
m2W (1− z) +M22 z −M21 z(1− z)
× ln
(
m2W (1− z) +M22 z
M21 z(1− z)
)
, (5.23)
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Figure 3: The predicted value of electron EDM as a function of the cutoff scale, for µR =
200, 300, 500 GeV in each plot, respectively. For CP-even like Higgs scalars and charged Higgs, we
have taken mh2 = mh3 = mH+ = 500 GeV on the left; mh2 = mH+ = 480 GeV and mh3 = 500 GeV
on the right. We took tanβ = 1, sin(α− β) = 0.05, vs = 1 TeV for both plots. The gray regions are
excluded by the limit on the electron EDM comes from ACMEII.
where the relevant trilinear scalar couplings and the couplings among neutral Higgs bosons,
charged Higgs bosons and W bosons are listed in Appendix C.
The eEDM contributions coming from Barr-Zee diagrams involve the neutral scalars,
h1,2,3,4, and the charged Higgs H
±. To demonstrate the relation between the eEDM pre-
diction and the cutoff scale, we consider the alignment scenario with sin(α− β) = 0.05 and
tan β = 1, mh2 = mH+ , taking into account the electroweak precision bounds as studied in
Refs. [10,11]. In Fig. 3, we show the predicted value of electron EDM as a function of the cut-
off scale, for degenerate extra scalar masses with mh2 = mh3 = mH+ = 500 GeV on the left,
and non-degenerate extra scalar masses with mh2 = mH+ = 480 GeV and mh3 = 500 GeV
on the right panel. The regions shaded in gray have been excluded by the bound on the
electron EDM from ACMEII. Here, we find that the larger µR, the smaller the eEDM value
for a fixed cutoff scale, which is consistent with the CP-violating parameters εi shown in
Fig. 1. The degenerate cases confront with a slightly severer bound from ACMEII.
To see the dependence of the eEDM predictions on heavy Higgs masses, in Fig. 4, we show
the contours of electron EDM (in units of 10−29 e cm) in the parameter space for singlet-like
scalar (mh3) and charged Higgs masses (mH±). In the case of µR = 500 GeV with cutoff scale
Λ = 20 TeV, the lowest magnitude of the eEDM is obtained around mh3 ' 550 GeV which
might be probed by the future eEDM search in ACMEIII, as shown in the left panel. We
note that the dominate contribution coming from the H± loop and H±W∓γ cancel to some
extent, that is different from the situation studied in Refs. [27–30] where the cancellation
mostly occur due to top and W loops. In the case of µR = 300 GeV, the current ACMEII
bound becomes more severe, this it excludes the cutoff scale around Λ ≤ 50 TeV. Therefore,
in this case, we present the prediction of eEDM by choosing a larger value of the cutoff scale,
Λ = 50 TeV, in the right panel of Fig. 4, so most of the parameter space for heavy Higgs
masses is within the sensitivity of the ACMEIII.
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Figure 4: Contours of electron EDM in the parameter space for mh3 vs mH± , in units of 10
−29 e cm.
In summary, the eEDM constraint sets the lower bound on the cutoff scale to be Λ = 20–
50 TeV, depending on whether the heavy Higgs masses are degenerate or not.
5.4 Anomalous magnetic moments of leptons
The measured value for the anomalous magnetic moment of muon has been shown to be
deviated from the SM values [31,32] for quite a while. The recent update on the deviation of
the anomalous magnetic moment of muon between experiment and SM values [33] is given
by
∆aµ = a
exp
µ − aSMµ = 279(76)× 10−11, (5.24)
which has 3.7σ discrepancy from the SM.
Furthermore, there is a 2.4σ discrepancy reported between the SM prediction for the
anomalous magnetic moment of electron and the experimental measurements as follows [34,
35]:
∆ae = a
exp
e − aSMe = −88(36)× 1014. (5.25)
The magnetic and electric dipole moments of a fermion f is given by the effective operator,
Leff = ceff f¯LσµνfRF µν + h.c. , (5.26)
for the real and imaginary parts of Wilson coefficient ceff [36]. In our model, we consider the
two-loop Barr-Zee type diagrams contributions. The muon anomalous dipole moment can
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be obtained by changing the couplings as follows.
aµ =
2m2µ
eQµme
×

de
(
ce → c˜µ
c˜e → −cµ
)
, hiγγ, hiZγ diagrams
de
(
Im (aW+H−hi)→ −Re (aW+H−hi)
)
, W±H∓γ diagrams (S)
de
(
Im
(
c∗¯tRbLH+cν¯eRH+
)
→ −Re
(
c∗¯tRbLH+cν¯eRH+
))
, W±H∓γ diagrams (F)
Here, the hγγ, hZγ and W±H∓γ diagram (S) (with heavy scalars running in the upper loop)
contributions to the EDM have been summarized in Refs. [26,37]. The W±H∓γ diagram (F)
(with SM fermions running in the upper loop) contributions to the EDM can be found in
Refs. [38, 39].
In the parameter space of our interest, consistent with the electroweak precision data
and the EDM constraints, we need relatively large masses for heavy Higgs bosons, so the
contributions of charged Higgs to the lepton g − 2 are negligible. Thus, we do not pursue
the explanation of the deviation in the muon g − 2 in our model.
5.5 Collider searches for CP violation
In this subsection, we discuss the independent test of the CP violation from the production
of Higgs bosons at the LHC, although the bound from eEDM is already very stringent on
the CP-violating mixing between neutral scalars as shown in the previous subsection. The
effects of the CP violation arise in the modified Higgs couplings, parameterized by εi, in
comparison with the CP-conserving case. The CP-conserving limit can be attained when
εi → 0.
In our study, we have made two assumptions in the Higgs sector. One is that the mixing
with the singlet field is negligible, so the singlet-like Higgs boson mostly decouples in the
collider phenomenology. We take h3 to be the singlet-like Higgs boson, while h1 and h2 are
mostly doublet-like. If the singlet-like Higgs boson is lighter than the others, we can simply
relabel the subscript. The other assumption that we have taken is the alignment limit, where
sα−β → 0, so the non-SM-like Higgs boson h2 does not couple to the pairs of the electroweak
bosons. Still, the couplings of h4 to W
+W− and ZZ do not vanish, but are proportional to
ε1, in the alignment limit:
gh4W+W− = −
2m2W
v
ε1, gh4ZZ = −
2m2Z
v
ε1. (5.27)
However, for |ε1| . O(10−3) and Λ > 10 TeV, the decays of h4 to the pairs of electroweak
bosons would also be suppressed. The dominant decay modes of h4 are h4 → tt¯ and bb¯ via
the λ˜h4t,b couplings, which are independent of the εi parameters. Another interesting decay
mode of h4 is
h4 → W+H− (5.28)
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if mh4 > mW +mH− . In the alignment limit, the coupling is given by
igµh4W+H− = −
g
2
(
NA − iε2
)
(ph4 − pH−)µ. (5.29)
The decay mode has been studied in Refs. [40, 41], in the context of the CP-conserving
2HDM. It will become more important than the top-pair process when h4 is heavy since the
decay width is proportional to m3h4 ,
Γ(h4 → W+H−) = g
2(N2A + ε
2
2)
64pim2W
m3h4λ
3/2
(
1, m2H−/m
2
h4
, m2W/m
2
h4
)
, (5.30)
where λ(x, y, z) = (x − y − z)2 − 4yz. Note that ε2 vanishes in the alignment limit and
tan β = 1 as can be seen in Eq. (3.35). Therefore, the effect of the CP violation in the
decay mode is only relevant when we depart from the alignment limit. Note that the same
final state may appear from the decay of h2. The coupling has the similar form as in (5.29).
However, we should fix the charged Higgs mass as mH+ = mh2 or mH+ = mh4 to be consistent
with the constraints from the electroweak precision [42–46]. By taking either choice, only
one of the decay modes will be kinematically allowed. Due to the irreducible backgrounds
of the tt¯ process in the SM, the sensitivity of the final state with W+H− at the LHC turned
out to be low [40]. Still, we expect that it will be possible to probe the decay mode at the
High-Luminosity LHC and future collider experiments.
The other decay mode for the heavy Higgs bosons studied in Refs. [40,41,47] is hi → Zhj
for mhi > mZ + mhj . The decay mode has already been searched by the ATLAS [48, 49]
and CMS [50, 51] collaborations using the final state of `+`− + bb¯. The interpretation of
experimental results for the CP-conserving 2HDM has been shown in Ref. [47]. In the
alignment limit, the coupling for the h4 → Zh1 process is vanishing at leading order, while the
coupling at the next-to-leading order is proportional to ε2i . The effects of the εi parameters
for h4 → Zh2 also arise by the terms of the order of ε2i . Therefore, we find that the only
relevant decay mode with the final state of Zhj for the scenario with the pure singlet and
the alignment limit is
h2 → Zh1. (5.31)
The coupling in the alignment limit is
igµh1h2Z = −
iNAmZ
v
ε1(ph2 − ph1)µ, (5.32)
and the decay width is proportional to m3h2 , similarly as in (5.30). Therefore, searching
for h2 → Zh1 serves a direct probe of the ε1 parameter. The main background to this
decay mode at the LHC is the Z-boson associated Higgs production, pp → Z∗ → Zh1, and
the di-leptonic tt¯ process in the SM. We leave the detailed studies on the reach of the ε1
parameter using the h2 → Zh1 process at the LHC and future collider experiments, as our
future publication. We stress that the other parameters, ε2 and ε3, would become more
relevant if we depart from the pure singlet scenario and the alignment limit.
23
6 The UV origins of CP violation
We discuss the origin of CP violating higher-dimensional operators in the effective potential.
In particular, for generating the dimension-6 operator (SH†1H2)
2, which captures a physical
CP violation, we introduce the NMSSM with U(1)′ and two models with new doublet and
singlet scalars or fermions.
6.1 Model A: The NMSSM with U(1)′ symmetry
We consider the NMSSM with U(1)′ symmetry under which the singlet chiral superfield S
is charged (Model A). The relevant interactions for the CP violation are given by
LModel A = −m2t˜L|t˜L|2 −m2t˜R |t˜R|2 − ytAt(H01 )∗t˜Lt˜∗R − ysAsSH
†
1H2 + h.c. (6.1)
where ys is the Yukawa coupling between the singlet scalar and the Higgsinos in the super-
potential, W = ysSHuHd, with Hu = H˜2 and Hd = H1 in the basis of chiral superfields, and
As, At are the trilinear soft mass terms. We note that ys = −µ/As in our model. Then, from
the one-loop diagram with top squarks, we get the desired dimension-6 operator, (SH†1H2)
2,
with as the following coefficient [52],
c1
Λ2
=
3y4t y
2
sA
2
t
32pi2(m2
t˜1
−m2
t˜2
)2
G(m2t˜1 ,m2t˜2) (6.2)
where m2
t˜1
,m2
t˜2
are the squared masses for top squarks, and the loop function G is given by
G(m2t˜1 ,m2t˜2) = 2−
m2
t˜1
+m2
t˜2
m2
t˜1
−m2
t˜2
ln
(
m2
t˜1
m2
t˜2
)
. (6.3)
For instance, m2
t˜2
 m2
t˜1
 |At|mt, we can approximate Eq. (6.2) to
c1
Λ2
≈ 3y
4
t y
2
sA
2
t
32pi2m4
t˜2
[
2 + ln
(
m2
t˜1
m2
t˜2
)]
. (6.4)
In this case, the nontrivial CP phase in the dimension-6 operator is originated from the CP
phase in At.
In view of the eEDM constraints discussed for the cutoff scale in the previous section, we
can impose Λ = 20–50 TeV depending on the masses of heavy Higgs bosons, which can be
translated to the bounds on the stop masses and mixing parameter. In Fig. 5, we show the
parameter space for stop masses, mt˜1 and mt˜2/mt˜1 , which is ruled out by the eEDM bounds
with the cutoff scale greater than 20, 50 TeV colored in gray and purple, respectively. Here,
we have taken yt = ys = 1, At = mt˜1 and Arg(y
4
t y
2
sA
2
t ) = pi/2. Therefore, for degenerate
masses for heavy Higgs bosons, for which the cutoff scale is constrained to be greater than
50 TeV, the lighter stop mass should be larger than up to 2 TeV (colored in purple in Fig. 5),
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Figure 5: The parameter space for stop masses, mt˜1 and mt˜2/mt˜1 , with the eEDM constraints. We
have set At = mt˜1 , yt = ys = 1 and Arg(y
4
t y
2
sA
2
t ) = pi/2. The regions colored in gray and purple
are ruled out by the eEDM bounds, for Λ/
√|cI | < 20, 50 TeV, respectively.
depending on the mass of the heavier stop mass. As a result, we may probe the stop masses
with the eEDM measurement beyond the reach of the LHC. On the other hand, for non-
degenerate masses of heavy Higgs bosons, for which the cutoff scale is constrained to be as
low as 20 TeV, the lighter stop mass up to 800 GeV (colored in gray in Fig. 5) is ruled out
by the eEDM bound.
In the CP-violating NMSSM with CP violation from both tree- and loop-levels but with
no U(1)′, we refer to Ref. [53] for a complete study on baryon asymmetry of the universe
and electric dipole moment.
6.2 Model B: models with doublet and singlet scalars
Another example worth considering is the scalar dark matter as the origin of the CP violation
(Model B). For this, we introduce an SM doublet φD with hypercharge Y = +
1
2
and an SM
singlet φS, which are neutral under the U(1)
′ and the SM color. We also impose the global
symmetry, U(1)R, under which S carries charge +2, φD, φS carry charge +1 whereas two
Higgs doublets and the SM fermions are neutral, as shown in Table 2. The U(1)R symmetry
corresponds to the one in the supersymmetric models as in Model A where the A-term breaks
the U(1)R symmetry softly.
In this setup, we introduce the couplings between the extra scalars and S,H1,2, as in the
following Lagrangian,
LModel B = −m2D|φD|2 −m2S|φS|2 − λDSH2 φ†Dφ∗S − ADH†1φDφS + h.c., (6.5)
where AD is the spurion parameter carrying charge −2 under the U(1)R. The U(1)R symme-
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try is softly broken to Z2 due to the AD term as well as the µ term. Then, since φD and φS
are Z2 odd, the lighter neutral complex scalar among them can be a dark matter candidate.
Then, similarly to the previous example, from the loops with new scalars, we can obtain the
dimension-6 operator (SH†1H2)
2, with the coefficient, c1
Λ2
∼ λ2DA2D
16pi2m4D
for mD  mS  ADv1.
In this case, the nontrivial CP phase in the dimension-6 operator stems from the CP phase
of the coupling to the dark scalars AD.
S H1 H2 φS φD AD
Q′ 1
3
x 0 −1
3
x 0 0 0
U(1)R +2 0 0 +1 +1 −2
Table 2: U(1)′ and U(1)R charges of scalars for Model B.
In this case, there are similar bounds on the masses for doublet and singlet scalars, mD
and mS, similarly as in the NMSSM with U(1)
′, if we identify λD = y2t ys and AD ∼ At ∼ mS.
The difference from the NMSSM with U(1)′ is that new particles running in the loops contain
charge-neutral scalars, the lighter of which can be a dark matter candidate, that is, φS, unlike
the stops. Therefore, it would be interesting to pursue the details on the interplay between
the eEDM bound and the CP violation in the dark sector.
6.3 Model C: models with doublet and singlet fermions
We also consider the possibility of fermion dark matter for the CP violation (Model C). We
introduce a vector-like doublet fermion, composed of ψ, ψ˜, with hypercharge Y = −1
2
,+1
2
,
and a Weyl singlet fermion ψ′, that are neutral under the U(1)′, and a vector-like singlet
fermion, composed of χ, χ˜, which carry charges −1
3
x,+1
3
x under the U(1)′. We also assign
the charges for scalars and two-component spinors under the global U(1)R symmetry as in
Table 3. Thus, as in the previous models, the U(1)R is softly broken to Z2 by the µ term and
the Dirac mass term for χ, χ˜. Then, the lightest neutral fermion among the extra neutral
fermions, which are Z2 odd, can be a dark matter candidate.
Then, the Lagrangian for the extra fermions is, in the two-component spinor notations,
given by
LModel C = −mψψψ˜ −mχχ†χ˜† − λS Sψ′χ− y1H˜1ψ†ψ′† − y2H2χ˜ ψ + h.c., (6.6)
where mχ is the spurion mass parameter carrying charge −2 under the U(1)R. Then, due
to the loops with extra fermions, the dimension-6 operator (SH†1H2)
2 is generated with the
coefficient, c1
Λ2
∼ λ2Sy21y22m2χ
16pi2m4ψ
. In this case, the nontrivial CP phase in the dimension-6 operator
is from the CP phases of the Yukawa couplings to the extra fermions and/or the Dirac mass
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S H1 H2 ψ
′ ψ ψ˜ χ χ˜
Q′ 1
3
x 0 −1
3
x 0 0 0 −1
3
x +1
3
x
U(1)R +2 0 0 −1 +1 −1 −1 −1
Table 3: U(1)′ and U(1)R charges of scalars and extra fermions for Model C.
term, and it can be sufficiently suppressed for mψ  mχ with Yukawa couplings, λS, y1,2,
being of order one.
In this case, as compared to the case in the NMSSM with U(1)′, the role of dimensionless
couplings is played by λSy1y2 = y
2
t ys and the dimensionful parameter is translated to mχ ∼
At. Then, the smallness of the CP-violating dimension-6 operator is attributed to a small
U(1)R breaking mass term for χ and χ˜. While the ψ, ψ˜ and ψ
′, χ pairs have large Dirac
masses, χ˜, having a Majorana fermion with a small mass, is a candidate for dark matter.
We postpone the detail analysis of the model in a future publication.
7 Conclusions
We have presented a model-independent parametrization of the CP violation in the effective
theory for the 2HDM with a local U(1)′ and showed how the higher dimensional operators in
the scalar potential violate the CP symmetry at the observable level. The tadpole condition
from the minimization of the scalar potential renders the mixing Higgs mass parameter
carrying a nonzero CP phase by the interplay with the higher dimensional operators. We
calculated the electric dipole moment of the electron at two loops due to the mixings between
CP-even and CP-odd scalars in our model and identified the minimum cutoff scale from the
bound on eEDM to be 20–50 TeV, depending on the mass spectrum of heavy Higgs bosons.
We also showed how the inputs from the collider searches for heavy Higgs bosons with
CP violation can be used to make an independent test of the CP-violating parameters in the
models. In particular, in the alignment limit favored by the Higgs data, the pseudoscalar-like
scalar can also decay into WW or ZZ, and it has the W+H− decay mode modified due to
the CP-violating mixing parameters, which might be testable at the High-Luminosity LHC.
Furthermore, the h2 → Zh1 process with `+`−+bb¯ final states at the LHC and future collider
experiments can serve a direct probe of the CP-violating parameter against the backgrounds
coming from the Z-boson associated production of h1 or the di-leptons from tt¯.
We have also discussed the microscopic origins for generating the higher-dimensional op-
erators in the scalar potential, in the context of both supersymmetric or non-supersymmetric
models. In the case of the NMSSM with U(1)′, the mass parameters of stops running in loops
can generate the CP-violating dimension-6 operator in the scalar potential, thus they can be
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constrained indirectly by the eEDM according to our general results. Depending on whether
the heavy Higgs bosons have split masses or not, the eEDM bound can constrain the lighter
stop mass to be heavier than up to 800 GeV–2 TeV, thus being complementary to the direct
searches for stops at the High-Luminosity LHC and future colliders. In models with new
neutral scalars or fermions running in loops, the lighter neutral particle is a good candidate
for dark matter with CP-violating couplings, so there can be a variety of ways of probing the
CP violation by dark matter experiments as well as more precise measurements of eEDM
such as ACMEIII.
Finally we remark that in CP-violating 2HDMs, there is a tension between the strong
signal for gravitational waves and the electroweak baryogenesis [54,55]. We leave the possi-
bility of addressing the baryon asymmetry of the Universe in microscopic models with U(1)′
to a future study.
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Appendix A The minimization and tadpole conditions
For the scalar potential with phase-rotated scalar fields in eqs. (3.2)-(3.4) and redefined
parameters in eqs. (3.5)-(3.11), the minimization conditions yield
µ21 =
1√
2
Re(µ)
v2vs
v1
− λ1v21 − (λ3 + λ4)v22 − κ1v2s +
3∑
a=1
βa1ω
2
a
− 1
2Λ2
Re(c1)v
2
2v
2
s −
1
2Λ2
Re(c2)v
2
2vsω3, (A.1)
µ22 =
1√
2
Re(µ)
v1vs
v2
− λ2v22 − (λ3 + λ4)v21 − κ2v2s +
3∑
a=1
βa2ω
2
a
− 1
2Λ2
Re(c1)v
2
1v
2
s −
1
2Λ2
Re(c2)v
2
1vsω3, (A.2)
m2S =
1√
2
Re(µ)
v1v2
vs
− λSv2s − κ1v21 − κ2v22 −
3∑
a=1
βa3ω
2
a −
3
2
Re(ρ)vsω3
− 3
2
√
2Λ
Re(d1)vsω1ω2 − 1
2Λ2
Re(c1)v
2
1v
2
2 −
1
4Λ2
Re(c2)
v21v
2
2ω3
vs
, (A.3)
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µ2Φ1 =−
1√
2
Re(µΦ)
ω2ω3
ω1
− λΦ1ω21 −
(
β11v
2
1 + β12v
2
2 + β13v
2
s
)− λ12ω22 − λ13ω23
− 1
2
√
2Λ
Re(d1)
v3sω2
ω1
− 1
2Λ2
Re(d2)ω
2
2ω
2
3, (A.4)
µ2Φ2 =−
1√
2
Re(µΦ)
ω1ω3
ω2
− λΦ2ω22 −
(
β21v
2
1 + β22v
2
2 + β23v
2
s
)− λ12ω21 − λ23ω23
− 1
2
√
2Λ
Re(d1)
v3sω1
ω2
− 1
2Λ2
Re(d2)ω
2
1ω
2
3, (A.5)
µ2Φ3 =−
1
2
Re(ρ)
v3s
ω3
− 1√
2
Re(µΦ)
ω1ω2
ω3
− λΦ2ω23
− (β31v21 + β32v22 + β33v2s)− λ13ω21 − λ23ω22
− 1
4Λ2
Re(c2)
v21v
2
2vs
ω3
− 1
2Λ2
Re(d2)ω
2
1ω
2
2. (A.6)
The tadpole parameters for the pseudoscalar fields are given by
Tη1
v2
= −Tη2
v1
=− 1√
2
Im(µ)vs +
1
2Λ2
Im(c1)v1v2v
2
s +
1
2Λ2
Im(c2)v1v2vsω3, (A.7)
TηS
vs
=
1√
2
Im(µ)
v1v2
vs
− 3
2
Im(ρ)vsω3 − 3
2
√
2Λ
Im(d1)vsω1ω2
− 1
2Λ2
Im(c1)v
2
1v
2
2 +
1
4Λ2
Im(c2)
v21v
2
2ω3
vs
, (A.8)
TΦ1I
ω2
=
TΦ2I
ω1
=− 1√
2
Im(µΦ)ω3 − 1
2
√
2Λ
Im(d1)v
3
s −
1
2Λ2
Im(d2)ω1ω2ω
2
3, (A.9)
TΦ3I
ω3
=
1√
2
Im(µΦ)
ω1ω2
ω3
+
1
2
Im(ρ)
v3s
ω3
− 1
4Λ2
Im(c2)
v21v
2
2vs
ω3
+
1
2Λ2
Im(d2)ω
2
1ω
2
2. (A.10)
By combining the above relations, we have
0 =
v1v2
v3s
Tη1
v2
+
TηS
vs
+
3ω1ω2
v2s
TΦ1I
ω2
+
3ω23
v2s
TΦ3I
ω3
= − 3√
2Λ
Im(d1)vsω1ω2, (A.11)
so Im(d1) = 0. Then, we further find that
0 =
v1v2
3v3s
Tη1
v2
+
1
3
TηS
vs
= −1
2
Im(ρ)vsω3 +
1
4Λ2
Im(c2)
v21v
2
2ω3
vs
, (A.12)
which results in Im(ρ) = Im(c2) = 0. The remaining combinations are
0 =
Tη1
v2
∣∣∣∣
Im(c2)=0
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= − 1√
2
Im(µ)vs +
1
2Λ2
Im(c1)v1v2v
2
s , (A.13)
0 =
TΦ1I
ω2
∣∣∣∣
Im(d1)=0
= − 1√
2
Im(µΦ)ω3 − 1
2Λ2
Im(d2)ω1ω2ω
2
3. (A.14)
Consequently, the tadpole conditions in eqs. (A.13) and (A.14) determine the CP phases of
the mass parameters, µ and µΦ, in terms of the CP phases of the dimension-6 operators, c1
and d2, respectively. In the text, we used the results focusing on c1 in order to see the CP
violating mixings between CP-even and CP-odd scalars in two Higgs doublet models with
U(1)′.
Appendix B Diagonalization of scalar mass matrices
In the absence of the CP violation, the would-be Goldstone bosons, GY and G
′, for the
spontaneously broken U(1)Y × U(1)′, can be identified as follows,
GY =
2
v
(1
2
v1η1 +
1
2
v2η2
)
= cos β η1 + sin β η2, (B.1)
G′ =
3
xvZ′
(1
3
xvsSI − 1
3
xv2η2
)
=
1
vZ′
(
vsSI − v sin β η2
)
, (B.2)
with v2 = v21 + v
2
2 and v
2
Z′ ≡ v2s + v22. Here, we note that the Z ′ gauge boson is given by
mZ′ ' 13xgZ′vZ′ if the extra singlet VEVs from Φa are small. Then, the heavy pseudoscalar
A0 can be taken to be orthogonal to the above two would-be Goldstone bosons as
A0 = NA
(
sin β η1 − cos β η2 − v
vs
sin β cos β SI
)
(B.3)
with NA given in (3.21). Therefore, we now make a transformation to the basis with would-be
Goldstone bosons, GY and G
′, and the heavy pseudoscalar A0, byη1η2
SI
 = R3
A0GY
G′
 , (B.4)
where R3 is the 3×3 transformation matrix and its inverse reads from Eqs. (B.1), (B.2) and
(B.3), as follows,
R3 =

NAv2
v
−NAv1
v
−NAv1v2
vvs
v1
v
v2
v
0
0 − v2
vZ′
vs
vZ′

−1
. (B.5)
Then, we find that GY and G
′ appear massless as expected, and A0 mixes with the CP-even
scalars due to CP violation. The results are used to choose the basis for the squared mass
matrix for scalars with CP violation in the text.
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We note from Eq. (B.4) that the CP-odd scalars can be expressed in terms of the CP-odd
scalar A0 and the would-be Goldstone bosons as follows.
η1 = NA
(
sin β A0 +
NAv
2
Z′
v2s
cos β GY +
NAvvZ′
v2s
cos β sin2 β G′
)
, (B.6)
η2 = NA
(
− cos β A0 +NA sin β GY − NAvvZ′
v2s
cos2 β sin β G′
)
, (B.7)
SI = NA
(
− v
vs
sin β cos β A0 +
NAv
vs
sin2 β GY +
NAvZ′
vs
G′
)
. (B.8)
Following the procedure in Ref. [11], we can diagonalize the 3×3 sub-matrix for CP-even
scalars in the 4× 4 mass matrix in Eq. (3.17) as
RhM
2
3×3R
T
h = diag(m
2
h01
,m2h02
,m2h03
), (B.9)
with the rotation matrix,
Rh =
 cα1cα2 sα1cα2 sα2−(cα1sα2sα3 + sα1cα3) cα1cα3 − sα1sα2sα3 cα2sα3
−cα1sα2cα3 + sα1sα3 −(cα1sα3 + sα1sα2cα3) cα2cα3
 , (B.10)
where sαi ≡ sinαi and cαi ≡ cosαi, with −pi/2 ≤ α1,2,3 < pi/2. Then, the mass eigenvalues
of CP-even scalars are given by
m2h01
=
1
2
(a+ b−
√
D) ≡ m2h,
m2h02
=
1
2
(a+ b+
√
D) ≡ m2H ,
m2h03
= 2λSv
2
s +
µv1v2√
2vs
≡ m2s, (B.11)
where
a ≡ 2λ1v21 +
µRv2vs√
2v1
, b ≡ 2λ2v22 +
µRv1vs√
2v2
, D ≡ (a− b)2 + 4d2, (B.12)
with d ≡ 2v1v2(λ3 + λ4) + cRΛ2 v1v2v2s − 1√2µRvs. We also denote with h04 ≡ A0 that
m2h04
≡ m2A0 =
v2vs√
2v1v2
(
µR −
√
2cRv1v2vs
Λ2
)
N−2A . (B.13)
The above results are used for the approximate mass eigenstates in the text.
The charged Goldstone boson G+ and charged Higgs scalar H+ identified as
G+ = cos β φ+1 + sin β φ
+
2 ,
H+ = sin β φ+1 − cos β φ+2 (B.14)
with nonzero mass eigenvalue given by
m2H+ = m
2
A −
(
µ sin β cos β√
2vs
+ λ4
)
v2. (B.15)
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Appendix C Self-interactions and gauge interactions
for scalar fields
The couplings for the Higgs self-interactions associated with the charged Higgs boson are
gH+H−h1 = (λ1cαsβ + λ2sαcβ)vs2β + 2λ3vcβ−α
−
(
λ3 + λ4 +
cR
2Λ2
v2s
)
vsβ+αs2β −
√
2µIvsε1
NAv
,
gH+H−h2 =− (λ1sαsβ − λ2cαcβ)vs2β + 2λ3vsβ−α
−
(
λ3 + λ4 +
cR
2Λ2
v2s
)
vcβ+αs2β −
√
2µIvsε2
NAv
,
gH+H−h3 =
1√
2
µRs2β + 2(κ1s
2
β + κ2c
2
β)vs −
cR
2Λ2
v2vss
2
2β −
√
2µIvsε3
NAv
,
gH+H−h4 = [λ1sβ(−cαε1 + sαε2) + λ2cβ(−sαε1 − cαε2)] vs2β
− 2λ3(cβ−αε1 + sβ−αε2)v +
(
λ3 + λ4 +
cR
2Λ2
v2s
)
(sβ+αε1 + cβ+αε2)vs2β
−
[
1√
2
µRs2β + 2(κ1s
2
β + κ2c
2
β)vs −
cR
2Λ2
s22βv
2vs
]
ε3 −
√
2µIvs
NAv
=− gH+H−h1ε1 − gH+H−h2ε2 − gH+H−h3ε3 −
√
2µIvs
NAv
+O(ε2i ). (C.1)
The quartic couplings can be expressed by the Higgs masses and mixing angles:
λ1 =
2
∑
im
2
h0i
(Rh)
2
i1 −
√
2µRvstβ
4v2c2β
≈
2(m2
h01
c2α +m
2
h02
s2α)−
√
2µRvstβ
4v2c2β
,
λ2 =
2
∑
im
2
h0i
(Rh)
2
i2 −
√
2µRvs/tβ
4v2s2β
≈
2(m2
h01
s2α +m
2
h02
c2α)−
√
2µRvs/tβ
4v2s2β
,
λ3 + λ4 +
cR
2Λ2
v2s =
√
2µRvs + 2
∑
im
2
h0i
(Rh)i1(Rh)i2
2v2s2β
≈
√
2µRvs + (m
2
h01
−m2
h02
)s2α
2v2s2β
,
λ4 = −m
2
H+
v2
+
µRvs√
2sβcβv2
− cR
Λ2
v2s
N2A
λ3 =
√
2µRvs + 2
∑
im
2
h0i
(Rh)i1(Rh)i2
2v2s2β
− λ4 − cR
2Λ2
v2s
≈ m
2
H+
v2
+
s2α
2s2β
m2
h01
−m2
h02
v2
− µRvs√
2s2βv2
+
cR
2Λ2
(v2s + 2v
2s2βc
2
β),
κ1 +
cR
2Λ2
v2s2β =
√
2µRvsβ + 2
∑
im
2
h0i
(Rh)i1(Rh)i3
4vvscβ
≈ µRsβ
2
√
2vscβ
,
κ2 +
cR
2Λ2
v2c2β =
√
2µRvcβ + 2
∑
im
2
h0i
(Rh)i2(Rh)i3
4vvssβ
≈ µRcβ
2
√
2vssβ
. (C.2)
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Here we have taken the limit where the mixing with the singlet field is negligible. Using the
relations in the above, the Higgs couplings are now given as
gH+H−h1 ≈ cβ−α
2m2H+
v
+
(
sαc
2
β
sβ
+
cαs
2
β
cβ
) m2
h01
v
− µRvssβ+α√
2vs2βc
2
β
−
√
2µIvsε1
NAv
+
cR
Λ2
v(v2s + 2v
2s2βc
2
β)cβ−α, (C.3)
gH+H−h2 ≈ sβ−α
2m2H+
v
+
(
cαc
2
β
sβ
− sαs
2
β
cβ
) m2
h02
v
− µRvscβ+α√
2vs2βc
2
β
−
√
2µIvsε2
NAv
+
cR
Λ2
v(v2s + 2v
2s2βc
2
β)sβ−α, (C.4)
gH+H−h3 ≈
µR√
2sβcβ
−
√
2µIvsε3
NAv
− cR
Λ2
v2vs, (C.5)
gH+H−h4 ≈− gH+H−h1ε1 − gH+H−h2ε2 − gH+H−h3ε3 −
√
2µIvs
NAv
. (C.6)
The Higgs interactions to the W bosons arise through the kinetic terms.
LK = |DµH1|2 + |DµH2|2
⊃ g
2v
2
(cβρ1 + sβρ2)W
+
µ W
−µ +
[
ig
2
W+µ
(
φ−1 ∂
µρ1 − ρ1∂µφ−1 + φ−2 ∂µρ2 − ρ2∂µφ−2
)
−g
2
W+µ
(
φ−1 ∂
µη1 − η1∂µφ−1 + φ−2 ∂µη2 − η2∂µφ−2
)
+ c.c.
]
≈ 2m
2
W
v
[
cβ−αh1 + sβ−αh2 − (cβ−αε1 + sβ−αε2)h4
]
W+µ W
−µ
+
[
ig(sβ−α + iNAε1)
2
W+µ
(
H−∂µh1 − h1∂µH−
)
− ig(cβ−α − iNAε2)
2
W+µ
(
H−∂µh2 − h2∂µH−
)
− gNAε3
2
W+µ
(
H−∂µh3 − h3∂µH−
)
−ig(sβ−αε1 − cβ−αε2 − iNA)
2
W+µ
(
H−∂µh4 − h4∂µH−
)
+ c.c.
]
. (C.7)
Note that the charged Higgs boson interacts with the neutral Higgs and W bosons through
derivative couplings. The couplings are
igµh1W±H∓ = −
g
2
(NAε1 ∓ isβ−α) (ph1 − pH±)µ,
igµh2W±H∓ = −
g
2
(NAε2 ± icβ−α) (ph2 − pH±)µ,
igµh3W±H∓ = −
gNAε3
2
(ph3 − pH±)µ,
33
igµh4W±H∓ = −
g
2
[
NA ± i
(
sβ−αε1 − cβ−αε2
) ]
(ph4 − pH±)µ. (C.8)
Here all the momenta phi and pH± are all incoming to the vertices.
Similarly, the Higgs interactions to the Z bosons are given from the following terms,
LK ⊃ m
2
Z
2v2
[
(v1 + ρ1)
2 + (v2 + ρ2)
2
]
ZµZ
µ +
mZ
v
Zµ
(
ρ1∂
µη1 − η1∂µρ1 + ρ2∂µη2 − η2∂µρ2
)
≈ m
2
Z
v
[
cβ−αh1 + sβ−αh2 − (ε1cβ−α + ε2sβ−α)h4
]
ZµZ
µ
+
m2Z
2v2
[
h21 + h
2
2 − 2ε1h1h4 − 2ε2h2h4
]
ZµZ
µ
+
NAmZ
v
Zµ
[
sβ−α (h1∂µh4 − h4∂µh1)− cβ−α (h2∂µh4 − h4∂µh2)
+ ε3sβ−α (h1∂µh3 − h3∂µh1)− ε3cβ−α (h2∂µh3 − h3∂µh2)
− (cβ−αε1 − sβ−αε2) (h1∂µh2 − h2∂µh1)
]
+O(ε2i ). (C.9)
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